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The concentration dependence of the activation volume AV* and the free activation enthalpy A G * for the inversion of the dimethylamino-
group has been determined in a series of dimethylamides in aqueous solution by high pressure H R N M R (p m a x = 150 MPa) . The compounds 
studied are the N,N-dimethylamides of formic-, acetic-, propionic-, isobutyric-, valerianic- and benzoic acid. In all nonaqueous solvents 
AV* is only slightly concentration dependent, AV* being in the range of +10 + 2 c m 3 • m o l " 1 . For all compounds studied, AV* in the 
dilute aqueous solutions (x D 2 o > 0.9) decreases very rapidly to values around +2 c m 3 - m o l - 1 . It is attempted to explain this decrease 
by the formation of an open hydration shell around the dimethylaminogroup and to correlate the concentration effects with the hydro-
phobic character of the amides. 
Für eine Reihe von N,N-Dimethylamiden wurde in wäßriger Lösung die Konzentrationsabhängigkeit des Aktivierungsvolumens AV* 
und der freien Aktivierungsenthalpie A G * für die Inversion der Dimethylaminogruppe aus der Druck- und Temperaturabhängigkeit der 
Protonenhochauflösungsspektren bestimmt (p m a x = 150 MPa) . Die untersuchten Systeme sind die N,N-Dimethylamide der Ameisen-. 
Essig-, Propion-, Isobutter-, Valerian- und Benzoesäure. In allen nichtwäßrigen Lösungsmitteln ist A K * nur sehr wenig von der Konzen-
tration abhängig und liegt im Intervall +10 + 2 c m 3 • m o l " ^ In den verdünnten wäßrigen Lösungen ( x D , Q > 0,9) aller angegebenen Amide 
dagegen nimmt A K * sehr rasch auf Werte um +2 c m 3 - m o l - 1 ab. Es wird versucht, diese Abnahme durch die Bildung einer offenen Hydrat-
hülle um die Dimethylaminogruppe zu erklären und die in den einzelnen Systemen unterschiedliche Konzentrationsabhängigkeit über 
die hydrophobe Wechselwirkung zu beschreiben. 
Introduction 
In a previous paper [1] the solvent dependence of the 
act ivat ion v o l u m e AV* for the hindered internal rotat ion of 
the d i m e t h y l a m i n o g r o u p in a series of s imple N , N - d i m e t h y l -
amides was studied with a recently developed technique lor 
the determinat ion of AV* by variable temperature high 
pressure H R N M R [2, 3]. T h e results found lor a wide variety 
of solvents, showed a remarkable independence of AV* 
f rom the properties of the solvent. 
It is well established, that A G * increases w i t h the polar i ty 
of the solvent [4 — 6]. T h e effect is most pronounced for 
prot ic solvents l ike water and methanol and is explained by 
a preferred stabi l isat ion of the highly polar ground state 
through the interact ion w i t h the dipoles of the solvent. The 
influence of the solvent polar i ty u p o n the act ivat ion vo lume 
was studied in a wide variety of solvents ( C C 1 4 , C 6 D 6 . 
( C D 3 ) 2 C O , ( C D 3 ) 2 S O , C D 3 C N , C D 3 O D , D 2 0 ) [1] . N o 
significant effect was found. In al l solvents AV* is a r o u n d 
1 0 c m 3 m o l " 1 . O n l y the aqueous solut ions of d imethyl -
formamide and dimethylacetamide revealed significantly 
lower AV*. T h e most surpr is ing result being found in the 
2 0 v v - % aqueous so lut ion of dimethylacetamide, where the 
rate of inversion for the d i m e t h y l a m i n o g r o u p is almost 
unaffected by the increase of hydrostat ic pressure and de-
scribed by an act ivat ion v o l u m e of 1.6 c m 3 • m o l " '. The most 
probable explanat ion for this f inding has to be searched for 
in the unique structural characteristics of the solvent water. 
We therefore started a systematic study of the concentrat ion 
dependence of A K * and AG* in a series of N , N - d i m e t h y l -
amides in aqueous so lut ion . The dimethylamides of the 
fo l lowing a l iphat ic carbonic acids were s tudied : formic- , 
acetic-, p r o p i o n i c - , i sobutyric- , valerianic- and hexanoic-
ac id . W i t h i n this series the unpolar substituent of the carbonyl 
carbon increases, thus enhancing the possibil i ty and extent 
of h y d r o p h o b i c interact ion between this part of the solute 
molecules. D i m e t h y l h e x a n o i c a m i d e is the bulkiest member 
of this series and possesses only very l imited solubi l i ty in 
water. The dimethylamides of the higher fatty acids are only 
very sparingly soluble in water, the solubi l i ty decreasing 
w i t h r is ing temperature. In addi t ion the aqueous solut ions of 
d imethylbenzamide were investigated. 
The close structural s imi lar i ty between the d i m e t h y l -
a m i d e g r o u p and the peptidegroup as the bui ld ing block of the 
proteins makes it very plausible, that the results obtained in 
these model systems are also of relevance for the natural 
aqueous solut ions of enzymes and structural proteins. 
Materials and Methods 
Materials 
N,N-dimethylformamide ( D M F ) (Uvasol, E. Merck, Darmstadt, 
F R G ) , N,N-dimethylacetamide ( D M A ) (puriss., F luka, Buchs, 
Switzerland), N,N-dimethylbenzamide ( D M B ) ( ICN, Serva, Heidel-
berg, F R G ) are commercial products and were used without further 
purification. N,N-dimethylpropionamide ( D M P r ) . N,N-dimethyl -
valerianamide ( D M V ) , and N,N-dimethylhexanamide ( D M H e x ) 
were prepared from the respective carbonylchlorides dissolved in 
dried dioxane, by slow addition of a surplus of dimethylamine. In 
N,N-dimethylisobutyramide (DMiBu) the signal from the ot-proton 
overlaps with the two N-methyl signals. The a-deuterated dimethyl-
amide was prepared from oc-bromo-isobutyricethylester ( E G A -
Chemie, Steinheim/Albuch, F R G ) by published procedures [7]. 
The dimethylamides were purified by fractional vacuum distillation 
over a Vigreux column. Deuteriumoxyde 99.7% deuterated (E. 
Merck, Darmstadt, F R G ) was used in the solutions. The solutions 
Ber. Bunsenges. Phys. Chem. 83, 722-729 (1979) - Q) Verlag Chemie, D-6940 Weinheim, 1979. 
0005-9021/79/0707-0722 $ 02.50/0 
were prepared by weighing. In order to provide for all solutions a 
strong, sharp proton signal for internal locking and shimming, 
a part of the heavy water was replaced by triple distilled light water. 
Details of the compositions are given in the tables. 
Experimental 
Fig. 1 gives the schematic of the high pressure high resolution 
N M R cell. The cell is a strongly modified version of the strengthened 
glass cell design introduced by Yamada [8]. Compared to our first 
modification [9,10] the handling is further facilitated by protecting 
the upper end of the glass capillary, after shrink fitting of the teflon 
hose, with a thinwalled brass tube filled with epoxy resin. 
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Fig. 1 
High pressure N M R - c e l l 
This cell fits into the standard 12 mm probe of a Varian XL-100-
15-FT-NMR-spectrometer. The spinner housing of the probe is 
replaced by a coolable aluminum holder. Intensive cooling of this 
holder keeps the epoxy connection between glass cell and metal 
nipple near room temperature, even at 450 K in the main solution 
container. 
The temperature was regulated with the standard variable 
temperature accessory and controlled to ± 0 . 5 K with a miniature 
thermocouple. 
Spectra 
The spectra were obtained in the F T mode (Varian 620-1-100 
16 k computer with interactive disk accessory). The shimming of the 
magnetic field was achieved while locking the spectrometer to a 
strong proton signal of the high pressure cell content. During 
spectra accumulation the spectrometer was locked to an external 
1 9 F - l o c k . Typical spectra are given in F ig . 2. In the region of the 
coalescence temperature Tc, 10 to 15 isotherms spaced approximately 
by 1 K were determined. Simulation of the exchange broadened 
spectra was done either by application of the D N M R - 5 program 
[11] or using an experimental line shape analysis program [12]. 
The chemical shift difference Av in the temperature region of 
chemical exchange broadening was determined from a linear 
extrapolation of the Av measured 30 to 50 K beneath T c. Depending 
^ ^ varied between 10 ~ 2 and 
dT 
on the solution under study 
5 • 10 ~ 3 H z • K ~ l . bE, the linewidth without chemical exchange was 
calculated from the low temperature spectra and a reference line, 
br-e{ 
by assuming - ~ - independent of temperature. The bE values were 
found between 1.0 and 2.0 Hz. A definite pressure dependence of 
bE was not observed. Since rising pressure leads to a decrease of the 
molecular mobility and thus increases the transversal relaxation 
time T2, one can derive from this observation, that the experimental 
linewidth is mainly determined by external magnetic field inhomo-
T = 331.3Ki 
10Hz 
geneities and unresolved ./-couplings {T2 > Tf). Details of the 
procedure are described in the previous paper [1]. Given the 
quality of the high pressure spectra, errors in Av and/or bE <0.3 H z 
could not be resolved by comparison of the simulated and ex-
perimental, exchange broadened spectra. In the range of Av/bE 
covered by our experiments, this uncertainty would lead to a 
maximal error of 1% ( - 1 k J - m o l " 1 ) for A G * and of 10% 
( i l c m 3 • m o l " l) for AV*. 
Theoretical 
The analysis of the temperature dependence of exchange 
broadened high resolution NMR-spectra has become the most 
prominent method for the determination of the rate constant k 
for intramolecular rearrangements [13]. From the temperature 
dependence of k, the activation parameters A G * , A H * , and A S * 
are derived. The accurate determination of A H * and A S * depends 
upon the exact determination of k in a wide range of temperatures 
and must necessarily cover regions, where the influence of the 
exchange process upon the spectra is at best marginal. So the results 
do necessarily carry large errors [14]. 
The activation volume AV* is defined by 
6 I n / A = _ A K * 
dp )T~ RT 
and can be derived from the analysis of a single high pressure iso-
therm, in a temperature region where the appearance of the spectra 
is very sensitive to changes in the inversion rate. The mechanistic 
information extractable from A K * is often complementary to the 
informations that can be gathered from A S * [15,16]. 
The activation volume for the inversion of the N,N-dimethyl-
amides in all solvents, except water, is around +10 c m 3 • m o l - 1 . 
In the highly polar ground state the six atoms of the amide group 
and its next substituents lie within a plane. This planar form is 
stabilized by 7i-electron delocalisation from the carbonyl bond 
into the amide N - C ( = 0)-bond. This electronic configuration 
explains the high electric dipole-moment of the N,N-dimethylamide 
group of ~ 3.8 Debye, as well as the high free activation enthalpies 
for the inversion observed. In the transition state this charge 
Table 1 
Coalescence temperatures 7^ . and chemical shift differences Av in the 
system D M A DA) 
w / w - % w / w - % w / w - % P Av c 
XD20 D M A D 2 0 deut. M P a ~K~ Hz 
0.990 4.4 95.6 76.8 5 373.8 15.4 
50 374.0 15.6 
100 374.2 15.7 
150 374.4 15.8 
0.954 18.0 82.0 64.8 5 372.4 15.6 
50 372.7 15.7 
100 373.2 15.8 
150 373.7 15.9 
0.837 46.5 53.5 76.8 5 371.7 16.3 
50 372.9 16.6 
100 374.4 16.8 
150 375.5 16.9 
0.774 56.6 43.4 76.8 5 369.5 16.4 
50 370.7 16.6 
100 372.1 16.8 
150 373.9 17.0 
0.564 77.6 22.4 76.8 5 364.8 16.8 
50 365.8 17.0 
100 367.7 17.2 
150 369.7 17.3 
0 100 0 0 5 351.2 17.2 
50 352.7 17.4 
100 354.7 17.7 
150 356.7 17.9 
delocalisation is no longer possible. Here the dimethylaminogroup 
is twisted 90° out of the plane and -thus the polarity must be 
significantly reduced. 
O f C H 3 0 e 
C - ^ c ® - N ^ 
/ \ / ' " " C H 3 
R C H 3 R 
Two different explanations have been given for the sign and 
magnitude of the activation volume found experimentally. Our 
group preferred as a working hypothesis a simple sterical model 
[1], while leNoble [15, 17] proposed, that the reduction of electro-
striction in the transition state is responsible for the volume effects 
observed. 
Results 
Fig. 2 gives a representative example of the effect of pressure 
upon the proton signals of the two N-methylgroups in DMiBu(neat). 
The temperature where the two signals first merge into one exchange 
broadened signal is called the coalescence temperature 7C. Under 
the assumption, that A S * is equal to zero, one can derive the in-
version rate k and the free activation enthalpy A G * from Tc, A v c 
Table 2 
Coalescence temperatures 7^ . and chemical shift differences Av in the 
system D M B / D 2 0 
w / w - % w / w - % w / w - % P Av c 
XD20 D M B D 2 0 deut. M P a K Hz 
0.999 0.6 99.4 95.5 5 347.8 12.3 
50 348.1 12.0 
100 348.4 11.7 
150 348.7 11.3 
0.996 2.8 97.2 90.9 5 348.8 14.6 
50 349.6 14.3 
100 350.2 14.0 
150 350.6 13.7 
0.994 4.6 95.4 90.9 5 345.7 16.0 
50 346.6 15.6 
100 347.7 15.4 
150 349.0 15.3 
0.987 9.3 90.7 90.9 5 345.2 20.6 
50 346.7 20.3 
100 348.0 20.0 
150 349.0 19.7 
0.971 19.3 80.7 52.5 5 337.4 20.6 
50 339.7 20.2 
100 341.9 20.0 
150 342.7 19.8 
0.920 40.1 59.9 76.8 5 330.2 24.4 
50 332.2 24.1 
100 333.7 23.8 
150 _ **) 23.6 
0.688 79.0 21.0 0 5 319.7 25.4 
50 322.2 25.4 
100 324.2 25.4 
150 325.7 25.4 
0.516 88.6 11.4 0 5 307.2 22.0 
50 308.9 21.8 
100 310.8 21.7 
150 312.9 21.6 
0 22.3*) 0 0 5 295.9 39.8 
50 298.4 40.4 
100 300.3 41.2 
150 302.2 41.7 
*) 77.7 w/w-% benzene, Ref. [1]. 
**) Phase separation. 
the chemical shift difference at Tc, and bE the line width without 
chemical exchange by standard procedures [18,19]. The k-values 
derived by this approximation were used as starting values in the 
computer lineshape simulation. The final /c-values, giving the best 
fit with the experimental spectra, are given at the bottom of the 
spectra. 
The Tc and Av c for two of the systems studied, are given in Table 1 
for D M A / D 2 0 and in Table 2 for D M B / D 2 0 . The other data have 
been omitted for the sake of brevity from the publication, but are 
available upon request from the authors. 
( c r r w m o r ) (kJ mol" 1) 
D M F / D 2 0 
Fig. 3 and Table 3 summarize the data obtained in these solutions. 
The free activation enthalpy is increasing linearly with the mole 
fraction of water. AV* however remains essentially constant up to 
x D , 0 — 0.9 and drops in the most dilute solutions very rapidly. 
The limited experimental sensitivity prohibits the extension of the 
measurements to smaller amide concentrations. 
D M A / D 2 0 
Fig. 4, Tables 1, 4, and 5 contain the data for this amide. For the 
aqueous solutions again an approximately linear increase of A G * 
with x D 2 0 is found. Compared to D M F / D 2 0 the decrease in AV* 
starts at considerably smaller x D 2 < > In the D M A solution with 
XD2O = 0-99 AV* is very close to zero. This concentration depend-
ence of AV* is, to our knowledge, found in the aqueous solutions 
only. As can be seen in Fig. 4, the solutions of D M A in acetone and 
(cm-3- mol 
( k J m o l ' 1 ) 
0 0.1 0.2 0.3 0M 0.5 0.6 0.7 0.8 0.9 1.0 
]El?91.3l 
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Fig. 3 Fig. 4 
Activation volumes AV* and free activation enthalpies A G * in the Activation volumes AV* and free activation enthalpies A G * in the 
system D M F / D 2 0 . (The insert at the bottom gives the range of systems D M A / D 2 G , D M A / A c e t o n e , D M A / M e t h a n o l . (The insert 
Tc found) at the bottom gives the range of Tc found) 
Table 3 
Free activation enthalpies A G * at 5 M P a and activation volumes AV* in the system D M F / D 2 0 
w/w-% w/w-% w/w-% AG*MPa A G * t AV* 
X D 2 0 D M F D 2 0 deut. kJ • mol ~ 1 k J - m o l - 1 cm 3 • m o l - 1 
0.997 1.0 99.0 90.9 93.5 1.6 
0.995 1.7 98.3 90.9 93.1 2.0 
0.988 4.3 95.7 95.5 93.0 3.0 
0.975 8.8 91.2 90.9 93.1 6.4 
0.945 18.4 81.6 52.5 92.3 7.1 
0.810 46.8 53.2 76.8 91.8 8.3 
0.322 89.5 10.5 0 89.3 8.4 
0 100 0 0 - 87.5*) -
*) Ref. [5]. 
Table 4 
Free activation enthalpies A G * at 5 M P a and activation volumes AV* in the system D M A / D 2 0 
w/w-% w/w-% w/w-% AG5 M p a AG,* AV* 
X D 2 0 D M A D 2 0 deut. kJ • m o l " 1 k J - m o l " 1 cm 3 • m o l " 1 
0.990 4.4 95.6 76.8 81.4 0.3 
0.954 18.0 82.0 64.8 81.0 80.8*) 1.5 
0.837 46.5 53.5 76.8 80.7 5.0 
0.774 56.6 43.4 76.8 80.2 5.9 
0.564 77.6 22.4 76.8 79.2 7.0 
0 100 0 0 75.9 75.8**) 7.6 
*) x D , 0 = 0.9, Ref. [5]. 
**) Ref. [5]. 
Table 5 
Free activation enthalpies A G * at 5 M P a and activation volumes A K * in the systems DMA/Acetone and DMA/Methanol 
^ S o l v e n t 
w/w-% w/w-% w/w-% AG* M Pa AG,*, A K * 
D M A Solvent deut. kJ • mol" 1 k J - m o l " 1 cm 3 • m o l " 1 
Acetone 
0.985 2.0 98.0 90.0 75.0 10.0 
0.963 5.0 95.0 90.0 75.0 75.4*) 10.2 
0.836 21.0 79.0 99.1 75.0 10.0 
0.657 41.5 58.5 99.1 75.0 10.3 
0.460 61.5 38.5 99.1 75.0 10.3 
0.099 93.2 6.8 0 75.8 8.5 
Methanol 
0.992 2.0 98.0 90.1 79.6 7.4 
0.902 20.8 79.2 99.0 79.5 7.6 
* ) * A c e , o n e = 0.9, Ref. [5]. 
Table 6 
Free activation enthalpies A G * at 5 M P a and activation volumes A K * in the system D M P r / D 2 0 
XD20 
w/w-% w/w-% w/w-% AGsMPa A Gut A K * 
D M P r D 2 0 deut. kJ • mol - 1 kJ • mol " 1 cm 3 • m o l ~ 1 
0.998 1.0 99.0 90.9 78.9 2.1 
0.996 1.8 98.2 90.9 78.6 2.3 
0.991 4.2 95.8 95.5 78.5 6.3 
0.960 17.4 82.6 90.9 78.5 7.6 
0.882 41.7 58.3 52.5 77.2 8.6 
0.723 67.1 32.9 52.5 76.6 9.4 
0.404 89.2 10.8 0 74.1 9.2 
0 95*) 0 0 72.5 72.0**) 8.6 
*) 5 w/w-% hexamethyldisiloxane. 
**) Ref. [5, 20]. 
Fig. 5 Fig. 6 
Activation volumes A K * and free activation enthalpies A G * in the Activation volumes A K * and free activation enthalpies A G * in the 
system D M P r / D 2 0 . (The insert at the bottom gives the range of system D M i B u / D 2 0 . (The insert at the bottom gives the range of 
Tc found) Tc found) 
Table 7 
Free activation enthalpies A G * at 5 M P a and activation volumes A K * in the system D M i B u / D z O 
XD2O 
w/w-% w/w-% w/w-% A G * M P a A Gilt. A K * 
D M i B u D z O deut. k J m o l - 1 k J m o l - 1 cm 3 • m o l - 1 
0.997 2.0 98.0 90.9 77.6 2.5 
0.991 5.0 95.0 90.9 77.2 3.2 
0.982 10.0 90.0 76.8 77.1 6.0 
0.960 19.9 80.1 76.8 76.2 7.0 
0.811 58.9 41.1 52.5 74.1 8.2 
0.418 95.0 5.0 0 71.9 8.1 
0 100 0 0 69.2 69.1 *) 8.3 
*) Ref. [5, 20]. 
Table 8 
Free activation enthalpies A G * at 5 M P a and activation volumes A K * in the system D M V / D z O 
* D 2 0 
w/w-% w/w-% w/w-% A G * M P a AG,!,. A K * 
D M V D 2 0 deut. k J m o l - 1 k J m o l - 1 cm 3 • m o l - 1 
0.999 1.0 99.0 90.9 79.5 4.0 
0.996 2.3 97.7 90.9 79.4 5.1 
0.992 5.0 95.0 90.9 79.1 6.5 
0.964 19.9 80.1 76.8 77.7 7.5 
0.913 39.5 60.5 52.5 77.0 8.4 
0.526 86.6 13.4 0 74.7 8.7 
0 95*) 0 0 72.1 8.9 
*) 5 w/w-% hexamethyldisiloxane. 
methanol do not show any significant change of the free activation 
enthalpy or the activation volume in the high dilution range. 
DMPr/D 2 0 
The addition of a further methylene group to the carbonyl-
substituent lowers A G * in the dilute solutions by approximately 
3 kJ • mol - 1 compared to D M A . The results found in these mixtures 
are collected in Fig. 5 and Table 6. The decrease in A K * begins, 
compared to D M F / D 2 0 and D M A / D 2 0 , at significantly higher 
* D 2 O -
DMiBu/D 2 0 
The activation volumes derived (cf. F ig . 6 and Table 7) show a 
similar concentration dependence for A K * as observed in D M P r / 
D 2 0 . In this system however, also the A G * versus x D 2 Q curve shows 
a pronounced deviation from linearity. The slope becoming con-
siderably steeper in the water rich region. 
D M V / D 2 0 
This amide shows a behaviour qualitative similar to D M P r / D 2 0 
(cf. F ig . 7 and Table 8). 
Among the compounds described hitherto, the results obtained 
in D M F / D 2 0 are not directly comparable to the other four systems, 
since the accurate extraction of inversion rates from the exchange 
broadened spectra is limited to the temperature region Tc ± 10 K . 
The high A G * of D M F thus restricts the analysis of the spectra to 
temperatures around 415 K , while the systems of D M A , D M P r , 
D M i B u , and D M V can be studied in the dilute solutions at 
350 < T < 375 K . Within this limited ranges no temperature 
dependence of A K * is detectable. 
D M B / D 2 0 
Here a dimethylamide with an aromatic substituent at the 
carbonyl group has been included into the studies. The results 
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AK 
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Fig. 7 
xA.ctivation volumes A K * and free activation enthalpies A G * in the 
system D M V / D 2 0 . (The insert at the bottom gives the range of 
Tc found) 
are given in Fig. 8 and Table 9. At temperatures > 340 K and 
* D 2 O — 0.9 this system shows phase separation into two liquid 
phases, the two-phase region extending with increasing pressure 
to lower temperatures. The deviation of the A K * versus x D 2 Q curve 
from linearity is most pronounced for this compound. A K * is 
essentially concentration independent up to x D 2 o = 0.97 and falls 
very rapidly at higher dilutions. The increase of A G * with con-
centration amounts to 1 5 k J m o l - 1 , almost twice the change 
observed in any aliphatic amide. 
Table 9 
Free activation enthalpies A G * at 5 M P a and activation volumes AV* in the system D M B / D 2 0 
w/w-% w/w-% w/w-% A G ? M P a AG*, , AV* 
D M B D 2 Q deut. k J m o l " 1 kJ • mol" 1 cm3 m o l " 1 
0.999 0.6 99.4 95.5 76.3 3.0 
0.996 2.8 97.2 90.9 75.9 4.5 
0.994 4.6 95.4 90.9 74.9 75.7**) 5.5 
0.987 9.3 90.7 90.9 74.0 6.8 
0.971 19.3 80.7 52.5 72.3 8.9 
0.920 40.1 59.9 76.8 70.3 8.9 
0.688 79.0 21.0 0 67.8 9.0 
0.516 88.6 11.4 0 65.5 8.9 
0 22.3*) 0 0 61.5 61.5***) 8.1 
*) 77.7 w/w-% benzene, Ref. [1]. **) x D 2 0 = 0.991, Ref. [4]. ***) Ref. [4]. 
0-1 ! ! ( ! , , , , r -»-60 
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Fig. 8 
Activation volumes AV* and free activation enthalpies A G * in the 
system D M B / D 2 0 . (The insert at the bottom gives the range of 
Tc found) 
Discussion 
It is not the intent ion of the present paper to renew the 
discussion about the solvent influence u p o n the free act ivat ion 
enthalpy. Excel lent reviews about this subject can be found 
in the literature [5, 6, 21]. T h e strong increase of A G * in the 
aqueous solut ions with decreasing concentrat ion of the amide, 
can definitely not be explained by a change of the bulk electro-
static interact ion of the molecule wi th the s u r r o u n d i n g 
l i q u i d phase, since neither the dipole moments of the solvent 
molecules, nor the static dielectric constant of the solvent 
do correlate quanti tat ively wi th the variat ions observed for 
A G * [1, 4 — 6, 21]. The prot ic solvents do show the largest 
increase of A G * . Th is is generally explained by the format ion 
of a hydrogen b o n d between the c a r b o n y l oxygen and the 
polar hydrogens of the solvent [6, 21], which preferably 
stabilizes the po lar g r o u n d state by balanc ing part of the 
excess negative charge on the carbonyl oxygen a tom. 
The p r o n o u n c e d decrease of A K * in the dilute solutions 
of the dimethylamides is, according to o u r knowledge, found 
Activation volumes in the water rich regions of the aqueous solutions 
of the aliphatic amides. (In addition to the systems described above, 
a single measurement on N,N-Dimethylhexanoicamide has been 
included x D , 0 = 0.997; A G * = 79.3 kJ • mol - 1 ; A K * = 5 . 3 c m 3 -
m o l " 1 ) 
only in the aqueous solutions. The data obtained in the di lute 
solut ions are s h o w n on an expanded scale in F i g . 9. It is an 
a d d i t i o n a l experimental evidence for the general observat ion, 
that many solute and solvent properuc> of the aqueous 
solut ions of nonelectrolyte molecules do show a strong 
concentrat ion dependence, even in the most di lute regions 
[22]. A c c o r d i n g to F r a n k s [24], this can only be rat ional ized, 
if the solute is not r a n d o m l y distr ibuted in the water, but 
shows even at the highest d i lut ions , accessible to experiment, 
microheterogeneous dis tr ibut ions . Evidence for this m i c r o -
heterogeneities have been found in long i tudina l relaxation 
rate studies of the aqueous solut ions of formamide , N - m e t h y l -
formamide a n d N , N - d i m e t h y l f o r m a m i d e [25, 26]. In these 
systems the devia t ion of the correlat ion times a n d the self 
di f fusion coefficients f rom regular so lut ion behavior increases 
wi th the h y d r o p h o b i c character of the solute. The same 
effect is observed for the dimethylamides investigated here: 
T h e d r o p of the act ivat ion volume is shifted w i t h increasing 
size of the u n p o l a r residues to higher xDl0. T h i s is a strong 
hint , that h y d r o p h o b i c interact ion is responsible for the 
microheterogeneous d is t r ibut ion of the amides in water. 
H y d r o p h o b i c interact ion is an entropy d r i v e n process [24] 
and should thus become more p r o n o u n c e d wi th r is ing 
temperature. Exper imenta l ly we observe, that D M B and 
D M V are completely miscible w i t h water near r o o m tem-
perature, but do show macroscopic phase separation at 
elevated temperatures. T h i s is further evidence that the 
microheterogeneity is enhanced w i t h r is ing temperature. 
T h e increase of self associat ion of the amide molecules 
wi th temperature w o u l d also expla in , that the decrease of 
AV^ i n the system D M F / D 2 0 starts at m u c h higher xÖ2Ö, 
than observed in 3 M A , since, as explained i n the experimental 
section, the measurements in D M F / D 2 0 h a d to be performed 
at temperatures around 420 K , whi le the rest of the amides 
had to be studied a r o u n d 360 K . 
T h e decrease of A K * in the high d i l u t i o n range of the 
aqueous solutions cannot be der ived f rom the electrostr ict ion 
m o d e l proposed by le N o b l e [17] , since the electrostatic 
interact ion between a central amide molecule and the sur-
r o u n d i n g solvation shell should not be influenced too severely 
t h r o u g h the gradual replacement of the a m i d e molecules i n 
the so lvat ion shell by water molecules. N e i t h e r does the 
model proposed by us [1] , w i t h a r a n d o m close packed 
so lvat ion shell, that has to be expanded before invers ion of 
the d i m e t h y l a m i n o g r o u p can occur , account for the effects 
observed. 
We therefore propose a w o r k i n g hypothesis , to explain the 
smal l act ivat ion volumes found i n the di lute solut ions of the 
d imethylamides : 
1. O n l y at very high di lut ions most of the amide molecules 
are found in isolated and m o n o m e r i c d i s t r i b u t i o n i n water. 
2. These hydrated monomers do carry, in the t ime average, an 
open hydrat ion shell a r o u n d the d i m e t h y l a m i n o g r o u p , thus 
permit t ing rotat ion of this g r o u p without significant re-
arrangement of the water molecules i n the immediate 
ne ighbourhood of the group. 
This w o r k i n g hypothesis is corroborated by x-ray studies 
on s imple l iquids and clathrates. It is well established, that 
the radia l dis tr ibut ion funct ion of s imple l iquids and especially 
of water and a m m o n i a [27, 28] , is only s l ightly changed in 
the melt ing process. F o r instance the number of next neigh-
bours in the l iquid water increases only f r o m 4 in ice I to 
« 4 . 4 in the melt ing process. F u r t h e r m o r e the rad ia l dis-
t r ibut ion function of water changes only m a r g i n a l l y when the 
temperature is raised to 570 K [29]. D i m e t h y l a m i n e i n the 
sol id state forms a clathrate l ike hydrate [30] . Recently 
Z i m m e r m a n n e ta l . [31] showed for the first t ime, that the 
radial d is t r ibut ion funct ion of ethyleneoxide, a molecule of 
s imilar size and polar i ty as d imethylamine , in water is compat-
ible with the structure of the sol id ethyleneoxide clathrate 
and that the results of the smal l angle x-ray scattering ex-
periments are best explained by assuming a relatively free 
mobi l i ty of the ethyleneoxide in the solvent cage. In view of 
the small changes of the radial d i s t r ibut ion funct ion of water 
with temperature, it appears reasonable to assume, that the 
solvation structures found close to the mel t ing point do 
persist to m u c h higher temperatures. 
It is obvious that the w o r k i n g hypothesis proposed , can and 
must be cr i t ical ly analyzed by s tudying d ia lky lamides wi th 
larger substituents at the ni trogen and/or by investigating 
amides carrying addi t iona l h y d r o x y l - or aminogroups at the 
N-alkylresidues. 
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